Nascent Flavivirus RNA Colocalizedin Situwith Double-Stranded RNA in Stable Replication Complexes  by Westaway, Edwin G. et al.
s
f
(
r
s
s
r
s
r
T
w
i
v
c
a
c
T
a
T
a
R
f
d
Virology 258, 108–117 (1999)
Article ID viro.1999.9683, available online at http://www.idealibrary.com on
0
C
ANascent Flavivirus RNA Colocalized in Situ with Double-Stranded RNA
in Stable Replication Complexes
Edwin G. Westaway,1 Alexander A. Khromykh, and Jason M. Mackenzie
Sir Albert Sakzewski Virus Research Centre, Royal Children’s Hospital, Herston, Brisbane, Queensland 4029 Australia
Received November 30, 1998; returned to author for revision January 20, 1999; accepted March 2, 1999
Incorporation of bromouridine (BrU) into viral RNA in Kunjin virus-infected Vero cells treated with actinomycin D was
monitored in situ by immunofluorescence using antibodies reactive with Br-RNA. The results showed unequivocally that
nascent viral RNA was located focally in the same subcellular site as dsRNA, the putative template for flavivirus RNA
synthesis. When cells were labeled with BrU for 15 min, the estimated cycle period for RNA synthesis, the nascent Br-RNA
was not digested in permeabilized cells by RNase A under high-salt conditions, in accord with our original model of flavivirus
RNA synthesis (Chu, P. W. G., and Westaway, E. G., Virology 140, 68–79, 1985). The model assumes that there is on average
only one nascent strand per template, which remains bound until displaced during the next cycle of RNA synthesis. The
replicase complex located by BrU incorporation in the identified foci was stable, remaining active in incorporating BrU or
[32P]orthophosphate in viral RNA after complete inhibition of protein synthesis in cycloheximide-treated cells. These results
are in accord with our proposal that dsRNA detected in foci previously located by immunofluorescence or by immunogold
labeling of induced vesicle packets is functioning as the true replicative intermediate (Westaway et al., J. Virol. 71, 6650–6661,
1997; Mackenzie et al., Virology 245, 203–215, 1998). Implications are that the replicase complex is able to recycle in the
same membrane site in the absence of continuing protein synthesis and that possibly apart from uncleaved NS3–NS4A, it
has no requirement for a polyprotein precursor late in infection. © 1999 Academic Press
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(INTRODUCTION
The flavivirus Kunjin (KUN) replicates in cytoplasmic
ites comprising virus factories identifiable by immuno-
luorescence (IF) and by immunoelectron microscopy
Westaway et al., 1997a,b; Mackenzie et al., 1998). A
eplication model based on kinetic analysis of KUN RNA
ynthesis proposed that late in infection flavivirus RNA is
ynthesized asymmetrically and semiconservatively in a
eplicative intermediate (RI) that uses the double-
tranded RNA (dsRNA) or replicative form (RF) as a
ecycling template (Chu and Westaway, 1985, 1987, 1992).
he proposed dsRNA templates can be immunolabeled
ith antibodies to dsRNA (Ng et al., 1983) and late in
nfection are located in induced membranes, which form
esicle packets (Mackenzie et al., 1996). dsRNA is colo-
alized with most of the KUN nonstructural proteins by IF
nd by immunogold labeling of cryosections of infected
ells (Westaway et al., 1997a,b; Mackenzie et al., 1998).
he immunofluorescent sites labeled with anti-dsRNA
ntibodies are stable to disruption of membranes by
riton X-100 or by cytoskeletal disrupting agents (Ng et
l., 1983; Westaway et al., 1997a,b), and the flavivirus
NA-dependent RNA polymerase (RDRP) activity of in-
ected cell lysates has been shown to be largely unaf-
1 To whom correspondence and reprint requests should be ad-
iressed. Fax: (617) 3253-1401. E-mail: e.westaway@mailbox.uq.edu.au.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
108ected by treatment with several ionic or nonionic deter-
ents (Chu and Westaway, 1987, 1992; Grun and Brinton,
988).
Because the flavivirus genome comprises one long
pen reading frame, all the gene products are translated
equentially and continuously throughout the cycle of
nfection. Of the seven nonstructural proteins KUN NS1,
S2A, NS3, NS4A, and NS5 appeared to be associated
ith the replication complex in biochemical assays and
mmunocytochemical analyses (Chu and Westaway,
992; Westaway et al., 1997b; Mackenzie et al., 1998).
S3 and NS5 contain domains associated with putative
elicase and RNA polymerase activities, respectively, in
ddition to serine protease (NS3) and methyl transferase
NS5) (Chambers et al., 1990a, 1991; Wengler and Weng-
er, 1991, 1993). Dengue-1 virus NS5 was shown to copy
NA nonspecifically using an in vitro assay (Tan et al.,
996), and NTPase activity has been reported for NS3 of
everal related flavivirus species (Wengler and Wengler,
991; Cui et al., 1998, and references therein). The re-
aining nonstructural proteins have no recognizable do-
ains associated with events of flavivirus replication.
owever, in addition to our results on immunolabeling in
nfected cells of NS1 and other nonstructural proteins
ssociated with dsRNA in vesicle packets (Mackenzie et
l., 1996; Westaway et al., 1997b), Lindenbach and Rice
1997) showed that yellow fever virus RNA with a large
n-frame deletion of NS1 failed to replicate significant
a
m
y
a
r
i
a
1
r
d
R
w
w
t
a
K
i
r
w
S
s
t
i
c
a
p
c
o
c
t
c
o
p
b
m
s
a
t
C
on distribution of immunofluorescent foci of NS3 and dsRNA. Cells on
c
C
c
r
h
2
a
d
f
s
109NASCENT FLAVIVIRUS RNA IN STABLE REPLICATION COMPLEXESmounts of RNA minus strands, but could be comple-
ented in trans.
In our previous studies on KUN replication, the anal-
ses involved identification of the nonstructural proteins
ssociated with RDRP activity or with putative sites of
eplication by radiolabeling, membrane purification, IF, or
mmunogold labeling of cryosections (Chu and West-
way, 1992; Westaway et al., 1997a,b; Mackenzie et al.,
998). However, it was possible that the assumed sites of
eplication represented only sites of accumulation of
sRNA, rather than the actual sites of synthesis of viral
NA. Furthermore, because all the nonstructural proteins
ere continually being synthesized, it was not clear
hether these newly synthesized proteins were required
o maintain the active RDRP complex. In this paper we
ddressed these uncertainties by showing that nascent
UN RNA labeled during synthesis in situ was colocal-
zed in foci with dsRNA and that these sites of replication
etained replicative activity after all protein synthesis
as inhibited.
RESULTS
tability of immunofluorescent foci of KUN replication
ites
Dual-labeled foci of NS3 (or of several other nonstruc-
ural proteins) and dsRNA were prominent by IF and by
mmunogold labeling of cryosections of KUN-infected
ells by 24 h and were detectable at 16 h (Westaway et
l., 1997b; Mackenzie et al., 1998). While such foci ap-
eared to be stable, there are no data on whether they
ontinue to function for long periods as replication sites
r whether nonstructural flavivirus proteins in the repli-
ation complex remain active for many cycles of replica-
ion. We therefore continuously treated KUN-infected
ells from 24 h with cycloheximide (CHXM) using a dose
f 1023.5 M (90 mg/ml), known to completely inhibit all
rotein synthesis (see Fig. 2), and examined the distri-
ution by IF of the putative replication sites. We then
easured the effects of CHXM treatment on viral RNA
ynthesis and yield of infectious virus.
Figure 1 shows that perinuclear foci dual-labeled with
nti-NS3 and anti-dsRNA antibodies appeared similar to
hose in untreated infected cells after treatment with
HXM from 24 to 28 h (compare a, b and c, d) or from 24
overslips were treated at 23 h with actinomycin D and then 1023.5 M
HXM was added from 24 to 28 h (c, d) or from 24 to 40 h (e, f). Parallel
ultures were also treated with CHXM from 24 to 40 h, the drug was
emoved, and the cells were reincubated in normal medium for 4 h (g,
). No CHXM was added to the control infected cultures harvested at
4 h (a, b) and 40 h (i, j). All cell monolayers were fixed in cold acetone
nd dual-labeled with rabbit and guinea pig antibodies to NS3 and
sRNA, respectively. The secondary antibodies were conjugated to
luorescein isothiocyanate or to Texas red, and dual label in d (only)FIG. 1. Lack of effect of CHXM treatment in KUN-infected Vero cells
hows coincidental foci as a yellow hue.
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110 WESTAWAY, KHROMYKH, AND MACKENZIEo 40 h (compare e, f and i, j). The extent of clear
oincidence of label in major foci was striking. As re-
orted previously, staining by anti-NS3 antibodies also
xtended from the perinuclear region into a pattern of
ense endoplasmic reticulum (Westaway et al., 1997b).
e concluded that continuing protein synthesis (either
iral or cellular) was not essential for preserving the
pparent architecture of the replication sites and the
olocalization of NS3 and dsRNA. Following CHXM treat-
ent of cells from 24 to 40 h, removal of the drug caused
o obvious rearrangement of the dual-labeled foci during
he next 4 h (Figs. 1g and 1h). Similarly no apparent
earrangement of foci occurred after reversal for 3 h
ollowing CHXM treatment from 24 to 28 h (results not
hown).
To assess the effect of protein synthesis inhibition on
iral RNA synthesis, KUN-infected cells were treated
ontinuously from 23 h with ACD and CHXM and radio-
abeled from 24 to 28 h either with [32P]orthophosphate
n phosphate-deficient medium or with [35S]methionine/
ysteine. SDS–polyacrylamide gel electrophoresis of
5S-labeled cell lysates showed that all protein synthesis
as blocked by the CHXM treatment (Fig. 2A, lanes 2
FIG. 2. Effects of CHXM treatment on protein synthesis (A) and viral
s in Fig. 1. In (A) mock-infected and infected cells were radiolabeled f
CHXM only for the cells represented in lanes 2 (mock) and 5 (KUN). C
to 5) or chased for 3 h in medium with excess methionine/cysteine
), and then harvested. Cells represented in lane 3 and lane 4 (shorte
rom 24 to 30 h as a reference sample. Virus-specified proteins are
olyacrylamide gel. In (B), KUN-infected cells were radiolabeled from
henol-extracted RNA was electrophoresed in a 1% agarose gel (lanes
Chu and Westaway, 1985). The viral RNA species are replicative form
etained completely at the origin in the urea–polyacrylamide gel. Autond 5). The inhibitory effect on protein synthesis was aully reversible (not shown) and CHXM treatment had no
ffect on the gel profile of viral proteins radiolabeled
rior to treatment (compare lanes 3, 4, 6, and 7 in Fig.
A). RNA was extracted from 32P-labeled cells and elec-
rophoresed in parallel with RNA from non-CHXM-treated
ells (Fig. 2B); the gel profiles revealed only a small
ecrease in radiolabeled viral RNA synthesized in the
HXM-treated cells, in agreement with a measured de-
rease of about 25% in incorporated radiolabel. We con-
luded that viral RNA synthesis did not require continu-
ng protein synthesis and, in view of the IF data in Fig. 1,
hat the viral replication complexes apparently continued
o function at the same equivalent sites in CHXM-treated
nd untreated cells.
Supernatant culture fluids were also collected at the
nd of the radiolabeling periods and the virus yields
ere compared by plaque assay. As found for RNA
ynthesis, the inhibition of protein synthesis by CHXM
reatment had a relatively small effect on virus yield,
hich was reduced relative to untreated control cultures
107 PFU/ml) by about 50 and 90% after 4 h (24–28 h) or
6 h (24–40 h) of treatment, respectively. However, some
isible CPE appeared during the 16-h treatment. Presum-
nthesis (B) in KUN-infected Vero cells treated and maintained in ACD
to 27 h with [35S]methionine/cysteine in medium that included 1023.5
ere either harvested in SDS immediately for gel electrophoresis (lanes
d, either unsupplemented (lane 7) or supplemented with CHXM (lane
ure time of dried gel than for lane 3) were radiolabeled continuously
fied in lane 7. Electrophoresis was in a 12.5% SDS discontinuous–
8 h with [32P]orthophosphate in phosphate-deficient medium, and the
in a 7 M urea–polyacrylamide gel (lanes 3, 4), as described previously
plicative intermediate (RI), and genomic-sized RNA (vRNA). The RI is
aphs were prepared from dried gels.RNA sy
rom 24
ells w
include
r expos
identi
24 to 2
1, 2) or
(RF), rebly, the released virus represented virus preformed
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111NASCENT FLAVIVIRUS RNA IN STABLE REPLICATION COMPLEXESrior to CHXM treatment or newly assembled virus en-
apsidated by a pool of structural proteins that had
ccumulated prior to CHXM treatment.
ubcellular location of nascent KUN RNA
ncorporating short pulses of BrU
The bromo-substituted nucleotide 5-bromouridine 59-
riphosphate (BrUTP) can be incorporated into RNA dur-
ng synthesis in cells and the incorporated analog can be
etected in subcellular sites by IF using primary antibod-
es to 5-bromodeoxyuridine (BrdU; Jackson et al., 1993;
ansink et al., 1993; Pombo et al., 1994; Restrepo-
artwig and Ahlquist, 1996; Van der Meer et al., 1998).
his labeling procedure provided the opportunity to com-
are the site of incorporation of nascent flavivirus RNA
ith that of dsRNA, the proposed template, by dual-
FIG. 3. Incorporation and subcellular location shown by IF of pulsed-
ostinfection were incubated for 60 min without (a, b) or with (c, d) 40
aterials and Methods, fixed in cold acetone, and dual-labeled w
ock-infected cells not treated with ACD were incubated for 20 min w
r in formaldehyde–methanol (f) (Westaway et al., 1997a), followed by
ostinfection were pulsed for 15 min (a–f) or for 60 min (g, h) with 100
nti-BrdU and anti-dsRNA antibodies. Three fields of cells for both puls
he secondary antibodies were conjugated to FITC or to Texas red.abeled IF. In order to allow entry of BrUTP into mamma- bian cells, it is essential to permeabilize them with strep-
olysin O (Jackson et al., 1993) or Triton X-100 (Wansink et
l., 1993; Pombo et al., 1994) or to use cationic liposomes
Haukenes et al., 1997; van der Meer et al., 1998). The
irst two methods involve disruption of membranes,
hich may perturb any membrane sites of flavivirus nas-
ent RNA synthesis, and the last entails a delay in uptake
f BrUTP. In initial experiments we delivered BrUTP by
ransfection into KUN cells at 24 h postinfection using
OTAP (see Materials and Methods). Incorporation of
rUTP in the ACD-treated infected cells was detected by
F after 60 min of incorporation, and in dual-labeled cells
any of the sites of incorporation were coincidental with
oci labeled with anti-dsRNA (Fig. 3A, panels c–d). No
ncorporation was detected in cytoplasmic components
f ACD-treated mock-infected cells after a 20-min incu-
BrU in KUN-infected Vero cells. (A) ACD-treated infected cells at 24 h
UTP in cationic liposomes prepared with DOTAP as described under
ibodies to detect NS3, dsRNA, or incorporated BrU, as indicated.
M BrU and 40 mM BrUTP in liposomes and fixed in cold acetone (e)
g to detect incorporated BrU. (B) ACD-treated infected cells at 24 h
U in cell culture medium, fixed in cold acetone, and dual-labeled with
s were photographed to show reproducibility of coincidental staining.labeled
mM Br
ith ant
ith 40 m
labelin
mM Br
e periodation with bromouridine (BrU) and BrUTP (results not
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112 WESTAWAY, KHROMYKH, AND MACKENZIEhown), but if pretreatment with ACD was omitted, strong
ncorporation in newly synthesized cellular Br-RNA was
etected in the nucleus (Fig. 3A, panels e, f). Interest-
ngly, the nucleoplasm was clearly stained only when the
uclear membrane was permeabilized for antibody ac-
ess using formaldehyde/methanol fixation (Fig. 3A,
anel f), and the nucleolus was stained only after ace-
one fixation although in a rare possibly damaged cell
he nucleoplasm was also stained (Fig. 3A, panel e).
imilar patterns of nuclear staining were observed pre-
iously in KUN-infected cells using the same fixation
onditions and antibodies to KUN core protein, which
ontains a bipartite nuclear localization signal and a
ossible nucleolar localization signal (Westaway et al.,
997a).
Because of the relatively slow uptake into cells of
rUTP over several hours using DOTAP (see Boehringer
annheim 1998 Biochemicals catalogue) it was desir-
ble to use a faster delivery of bromo-substituted uridine
n order to detect its incorporation into viral Br-RNA
uring short pulses. We showed previously that the cycle
f viral RNA synthesis to complete one full-length strand
n KUN-infected Vero cells at 20 h is complete in about 15
in (Chu and Westaway, 1985), similar to the cycle for
engue-2 virus (Cleaves et al., 1981), and according to
ur model of RNA synthesis, the nascent and recently
ompleted viral RNA remains bound in the recycling
sRNA template until displaced during the next round of
NA synthesis (Chu and Westaway, 1985). In such ex-
eriments, incorporation of [5-3H]uridine into RI and RF
ould be detected after a pulse of only 10 min. We
easoned that pulse incorporation of BrU in KUN-infected
ells could be detected similarly by IF using anti-BrdU
ntibodies as recently employed for detection of newly
ade RNA in nuclei of HeLa cells (Jackson et al., 1998).
ence there would be a brief window of time during
hich truly nascent KUN RNA could be detected in rep-
ication sites in cells, without the delay or membrane
isruption associated with use of BrUTP. Accordingly,
nfected cells were treated with ACD and incubated with
rU for 15- and 60-min pulses (Fig. 3B). These results
howed unequivocal staining of nascent viral RNA by
nti-BrdU antibodies after the 15-min pulse of BrU, and
ual-labeling with anti-dsRNA antibodies showed that
he foci containing Br-RNA were prominently and consis-
ently coincident with the foci of dsRNA. After the longer
0-min pulse, a similar pattern of dual-staining was ob-
erved, confirming the proposed stability of the sites of
eplication. These results established that nascent RNA
as incorporated directly into the proposed sites of fla-
ivirus replication indicated by the IF pattern of dsRNA, of
hich most if not all were actively engaged in viral RNA
ynthesis. Because the pattern of IF after a pulse label
ith BrU specifically labels the sites of replicating viral
NA, the coincidence of label with that of dsRNA is
uperior to that involving nonstructural proteins such as aS3 engaged in other events of virus replication (com-
are the IF patterns in Fig. 3B with those in Fig. 1). Some
iffuse staining of dsRNA probably represents early de-
elopment of new sites of replication as observed during
he latent period (Westaway et al., 1997b; Mackenzie et
l., 1998) and that were beyond the detection limit of our
ntibodies to BrdU.
onfirmation that pulsed BrU is incorporated in an
Nase-resistant form into foci coincident
ith double-stranded viral RNA
Our model of flavivirus RNA synthesis proposed that
n average only a single strand of nascent RNA is bound
o the putative dsRNA template and forms the RI (Chu
nd Westaway, 1985; see calculation below). However, if
apid reinitiation involving synthesis of several nascent
trands on the same template is occurring (in conflict
ith our model), the period for which each nascent RNA
s fully bound would be quite brief, hence exposing some
r most of these nascent strands to possible RNase
igestion as each is displaced by a newly initiated
trand. We have established that KUN core protein is not
resent at the site of RNA synthesis, i.e., in vesicle
ackets (Westaway et al., 1997a,b), and hence it is un-
ikely to protect by encapsidation any partially released
ascent RNA strands. The calculation of an average of
nly about one nascent strand of flavivirus RNA per
ctive RI is based on application of the formula devised
or poliovirus by Baltimore (1968): Percentage RNase-
esistance in the totally labeled RI 5 (2/[2 1 N/2]) 3 100,
here the average length of each nascent strand is
ssumed to be one-half of a complete molecule, N/2 is
he average molecule equivalents of nascent strands N,
nd 2/(2 1 N/2) represents the ratio of labeled complete
1) and (2) strands (2) to the total number of labeled
trands (2 1 N/2). However, in flavivirus RI only about
0% of incorporated radiolabel is in the RNA(2) strand
ate in infection (Cleaves et al., 1981), and virtually all of
he RNA(1) strands would be labeled late in infection.
he estimate for ratio of RNase-resistant label in flavivi-
us RI should therefore be 1.1/(1.1 1 N/2). Thus when the
altimore formula is modified accordingly, the calculated
for number of nascent strands in flavivirus RI is 1.0 if
Nase resistance of the RI is 70% as for KUN after a
0-min pulse (Chu and Westaway, 1985) and 70% also for
engue-2 virus after a 10-min pulse (Cleaves et al., 1981).
hus there is an expectation that RNase treatment of
lavivirus replication complexes in situ would have very
ittle if any observable effect on detectable BrU incorpo-
ated during a 15-min pulse in the IF foci of dsRNA late
n infection, in accord with the cartoon of RI pulse-
abeled with BrU in Fig. 4.
To test the above prediction, we pulsed infected cells
ith BrU, permeabilized these cells with Triton X-100 to
llow penetration of subsequently added RNase, and
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113NASCENT FLAVIVIRUS RNA IN STABLE REPLICATION COMPLEXESbserved by IF the effects of RNase digestion on incor-
orated BrU (Fig. 5A). In the control cells (i.e., no RNase),
rU was incorporated after a 15- or 60-min pulse into IF
oci dual-labeled by anti-BrdU and anti-dsRNA antibodies
s previously (compare Fig. 5A, panels a, b and g, h, with
ig. 3B, panels a, b and g, h, respectively), and the Triton
-100 treatment had no apparent effect on Br-RNA label-
ng, indicating the stability to detergent of the newly
abeled Br-RNA foci. RNase digestion under high-salt
onditions also had virtually no discernible effect on the
ual-labeled IF patterns of Br-RNA and dsRNA after a 15-
r a 60-min pulse of BrU (Fig. 5A, panels c, d and i, j,
espectively). The coincidence of BrU-labeled foci with
ost of the dsRNA foci was retained, and the size and
ntensity of the Br-RNA foci appeared to be unaffected by
his RNase treatment. When all RNA including dsRNA
as rendered susceptible to digestion by RNase in low
alt, both patterns of IF labeling were virtually eliminated
s expected (Fig. 5A, panels e, f, k, l). Also as expected,
ascent single-stranded Br-RNA in mock-infected cells
as totally digested by RNase under high- and low-salt
onditions (Fig. 5A, panels n and o, respectively).
We therefore concluded that nascent KUN RNA la-
eled after short pulses of BrU was strongly protected
rom RNase digestion in situ where it was colocalized by
F with dsRNA and that these results are thus in accord
ith the above predictions based on our model of flavi-
irus RNA synthesis.
onfirmation by IF of the persistence of viral RNA
ynthesis at BrU-labeled replication sites in the
bsence of protein synthesis
In view of the earlier result showing that viral RNA
ynthesis continued in the absence of protein synthesis
Fig. 2) it was of interest to establish that under these
FIG. 4. Model of semiconservative and asymmetric synthesis of flav
reatment in high salt on KUN RI pulse-labeled in cells with BrU for 15
bout one nascent RNA strand, which is base-paired on the template str
NA is about 15 min (see text). The solid lines represent unlabeled RNA
n RI late in flavivirus infection, only about 10% is in minus strand (Cleonditions nascent RNA was incorporated in the previ- susly identified foci of dsRNA rather than in other unsus-
ected sites. Therefore KUN-infected cells were treated
t 24 h with CHXM for 4 h and pulsed with BrU, as
reviously, in order to detect by dual-labeled IF the loca-
ion of nascent Br-RNA. The results were unequivocal.
oci of Br-RNA were readily identified after 15- and 60-
in pulses of BrU, and these were coincident with the
ajority of foci labeled by anti-dsRNA antibodies (Fig.
B, a–d). It was therefore concluded that viral RNA syn-
hesis occurring after CHXM switch-off of all protein
ynthesis was associated with and located in the same
ubcellular location as the proposed dsRNA template
mployed during normal replication. These results con-
irm independently the biochemical assay showing con-
inuation of viral RNA synthesis by radiolabeling after
HXM treatment (Fig. 2B).
eproducibility of the subcellular location of
mmunofluorescent foci containing nascent
r-RNA using a KUN replicon C20SDrep
ransfected in BHK cells
C20SDrep RNA is a highly efficient KUN replicon derived
rom the full-length KUN cDNA clone FLSD (Khromykh et al.,
998) by deletion of the sequence of the structural genes
C.prM.E) except for the first 20 codons of the C gene and
he last 21 codons of the E gene. Its replication was mon-
tored initially by detection of expressed NS3 using IF at
4 h posttransfection (results not shown). Under the same
onditions, the transfected BHK cells were pulsed for 15
in with 100 mM BrU and processed for IF using antibod-
es to BrdU and dsRNA, as previously (Fig. 5C). The ob-
erved foci showed virtually complete coincidence of the
ual label and must represent the sites of synthesis of
ascent replicon RNA in BHK cells. Because the replicon
acks the structural genes, these sites are completely dis-
NA (Chu and Westaway, 1985) showing the expected effect of RNase
e depicted structure of RI assumes that it contains an average of only
til displaced, and that the time for completion of synthesis of full-length
he dotted lines represent pulse-labeled RNA. Of the label incorporated
t al., 1981).ivirus R
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114 WESTAWAY, KHROMYKH, AND MACKENZIEesult was obtained independent of the previous experi-
ents, using a different cell line, a different RNA, and a
FIG. 5. Immunofluorescent foci of nascent Br-RNA (A) after RNas
UN-infected Vero cells and (C) in replicon-transfected BHK cells. In (A
a–f) or for 60 min (g–l); cells were immediately permeabilized by treatm
) or incubated with RNase A in high salt (HS; c, d, i, j) or in low salt (
ells not treated with ACD, as in Fig. 3A, were pulse-labeled with BrU
ow salt (o) as for infected cells, after prior treatment with Triton X-100
t 20°C. Cells were dual-labeled with antibodies to detect incorporate
exas red. Photographic exposure times and processing procedures
nfected cells were incubated with 1023.5 M CHXM from 25 to 28 h an
a, b) or for 60 min (c, d), followed immediately by processing for dual-l
UN replicon C20SDrep (see text), pulsed for 15 min with 100 mM BrUifferent route for entry of RNA. yIn summary, our results have established the suitabil-
ty of BrU for pulse labeling nascent viral RNA and anal-
ment or (B) after synthesis in the absence of protein synthesis in
treated infected cells were pulse-labeled with 100 mM BrU for 15 min
th Triton X-100, fixed in cold acetone, and either left untreated (a, b, g,
, k, l) as described under Materials and Methods. Mock-infected Vero
min and left untreated (m) or treated with RNase A in high salt (n) or
rmeabilization of the nuclear membrane with 95% methanol for 10 min
nd dsRNA. The secondary antibodies were conjugated to FITC or to
quivalent for untreated and RNase-treated cells. In (B), ACD-treated
pulsed in the presence of CHXM with added 100 mM BrU for 15 min
as in A. In (C), BHK21 cells were electroporated with a high-efficiency
h, and dual-labeled for IF as in A.e treat
) ACD-
ent wi
LS; e, f
for 20
and pe
d BrU a
were e
d then
abel IFsis by IF and shown that nascent KUN RNA colocalized
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115NASCENT FLAVIVIRUS RNA IN STABLE REPLICATION COMPLEXESy IF in an RNase-resistant form with the putative dsRNA
emplate in virus replication complexes.
DISCUSSION
The results presented have established that recently
ynthesized KUN RNA is associated with cytoplasmic
oci identifiable by dual-labeled IF using antibodies to
sRNA and to incorporated BrU (Figs. 3 and 5). Our
revious studies on the sites of KUN replication as-
umed that the presence of dsRNA in discrete foci,
dentified by both IF and immunogold labeling of vesicle
ackets in cryosections of infected cells, indicated the
utative site of viral RNA synthesis late in infection
Westaway et al., 1997a,b; Mackenzie et al., 1998). Our
resent results are in accord with this assumption. IF foci
ere shown to contain BrU incorporated directly into
ruly nascent viral RNA synthesized during 15-min pulses
nd were precisely coincident with nearly all the dsRNA
oci (Figs. 3B and 5). The resistance of this short-pulsed
rU-RNA in IF foci to RNase digestion in high salt (Fig.
A) fits well with the prediction under Results based on
ur model of flavivirus RNA replication (Chu and West-
way, 1985, 1987). Furthermore, the IF sites of active
eplication were stable despite the complete block in
ranslation by CHXM treatment (Figs. 1 and 5B) and were
eadily identified also by pulse-labeling with BrU of BHK
ells transfected with KUN replicon RNA (Fig. 5C). Syn-
hesis of viral RNA in the presence of CHXM (Fig. 2)
ndicates that continuing cell or viral protein synthesis is
ot required late in infection. Although newly synthesized
iral RNA has been detected previously by IF in mem-
rane-associated replication complexes after a 1-h pulse
f Br-UTP in liposomes in BHK21 and RK13 cells infected
ith equine arteritis virus (Van der Meer et al., 1998), or
fter briefer pulses of BrUTP in brome mosaic virus-
nfected barley protoplasts (Restrepo-Hartwig and Ahl-
uist, 1996), we believe our results represent the first
emonstration for RNA viruses of BrU incorporation in
ascent viral RNA achieved using a short pulse of BrU.
Although minor amounts of uncleaved NS3-NS4A
olyprotein have been reported for several flaviviruses
Chambers et al., 1991; Lobigs, 1992; Zhang and Padma-
abhan, 1993), posttranslational cleavage of the flavivi-
us polyprotein appears to be otherwise complete in
inutes rather than in hours, as well documented by
inetic studies of the processing of pulse labeled viral
roteins for KUN and yellow fever virus infections
Schrader and Westaway, 1988; Chambers et al., 1990b).
n view of this rapid proteolytic processing, and the lack
f significant reduction in RNA synthesis during several
ours of CHXM inhibition (Fig. 2), it seems unlikely that
olyprotein precursors were involved in synthesis of
UN RNA and hence like the similar poliovirus strategy
Novak and Kirkegaard, 1994), coupling between trans-
ation of viral RNA and replication does not occur late in Rnfection. The implication from the CHXM experiments
ust be that the viral replicase complex recycles the
ame protein components or that after each cycle of RNA
ynthesis the complex disperses and is reassembled
rom a relatively abundant pool of previously translated
roteins. Several considerations favor the first alternative
ather than the second. Thus the putative dsRNA tem-
late was recycled about every 15 min (Chu and West-
way, 1985, 1987), and RNA synthesis and the distribu-
ion of postulated dsRNA templates were not signifi-
antly affected by CHXM treatment (Figs. 1 and 2).
urthermore, the RDRP activity was shown to be unaf-
ected by treatment of flavivirus-infected cell lysates with
range of detergents or by sedimentation away from
oluble constituents (Grun and Brinton, 1987, 1988; Chu
nd Westaway, 1987, 1992). Dual enrichment of dsRNA
nd specific nonstructural proteins in or on individual
esicles within vesicle packets, as detected by immuno-
old labeling of cryosections of KUN-infected cells, indi-
ates that the replicase complex is in a relatively stable
rrangement or configuration (Westaway et al., 1997b;
ackenzie et al., 1998). Several of the components are
robably bound strongly to specific membranes or lo-
ated within the lumen of the ER, e.g., the hydrophobic
roteins NS2A and NS4A, and glycoprotein NS1, respec-
ively (Coia et al., 1988; Westaway et al., 1997b; Macken-
ie et al., 1998). Membranes possibly act as a scaffold for
ssembly of the RDRP that remains cohesive and active
ven after solubilization (Chu and Westaway, 1992).
Characterization of the flavivirus replication complex is
till incomplete. In addition to the present results and
hose showing the relationship between RF and RI (Chu
nd Westaway, 1985, 1987, 1992), our major contributions
ave been to establish that all the KUN nonstructural
roteins except NS2B and NS4B are associated with
sRNA in induced vesicle packets, the postulated site of
NA replication (Westaway et al., 1997a,b; Mackenzie et
l., 1998). We also showed previously that the structural
roteins were not involved in the active KUN replication
omplex (Chu and Westaway, 1992; Khromykh and West-
way, 1997), as is again evident in the replicon experi-
ent (Fig. 5C). An essential role for NS5 was evident
ecause in transfected cells, KUN RNA with deletions in
S5 of the RNA polymerase motif GDD or the S-adeno-
ylmethionine binding site was not viable, but was com-
lemented in trans by KUN replicon RNA (Khromykh et
l., 1998). In replication studies in vitro with other flavivi-
uses, purified dengue-1 virus NS5 copied nonspecific
emplate RNA (Tan et al., 1996), NS3 and NS5 were
mplicated in flavivirus RNA replication by the demon-
trated inhibitory effects of specific antibodies in the
DRP assay for dengue-2 and Japanese encephalitis
iruses (Bartholomeusz and Wright, 1993; Edward and
akegami, 1993), and both proteins of the latter virus
ound to the terminal stem loop in the 39 UTR of genomic
NA (Chen et al., 1997). Despite this progress, the puta-
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116 WESTAWAY, KHROMYKH, AND MACKENZIEive roles of NS3 and NS5 as RNA helicase and RNA
olymerase, respectively, in specific synthesis of flavivi-
us RNA have not yet been directly demonstrated.
Our accumulated evidence on KUN replication
trongly implicates the RF as the template for flavivirus
NA synthesis in RI, both being reactive with antibodies
o dsRNA. RF and RI were pulse-labeled with [3H]U
ithin about 10 min, radiolabeled genomic RNA became
rominent during a 10- to 20-min chase period, and the
abeled RF appeared to recycle rather than accumulate
s a “dead end” product (Chu and Westaway, 1985).
imilar results were obtained during in vitro RDRP as-
ays (Chu and Westaway, 1987). Antibodies to dsRNA
oprecipitated the same nonstructural proteins shown to
e associated with dsRNA by cryo-IEM in induced ves-
cle packets, the only cytoplasmic location where enrich-
ent of dsRNA was observed (Westaway et al., 1997b;
ackenzie et al., 1998). In this paper, a 15-min pulse of
rU was incorporated in nascent RNA convincingly co-
ncident with dsRNA in IF foci and was obviously resis-
ant to RNase digestion, as predicted by our model. The
ource of the flavivirus-induced membranes and the pre-
ise relationships of the replicase components to one
nother have not yet been defined. Our present charac-
erization of the postulated site of RNA synthesis and
ome of its properties should contribute significantly to
uture studies on flavivirus replication.
MATERIALS AND METHODS
ells and virus
Vero cells were grown in Medium 199 (Gibco) supple-
ented with 5% fetal calf serum. In maintenance medium
Eagle’s minimum essential medium), serum was re-
laced with 0.1% bovine serum albumin. Cells were in-
ected at 37°C using a m.o.i. of 2 to 10 and treated with
0 mg/ml actinomycin D (ACD; Merck, Sharpe and
ohme) for 1 h at 23 h; thereafter the ACD concentration
as reduced to 3 mg/ml (MEM/ACD medium). For the
xperiment presented in Fig. 5C only, BHK21 cells were
lectroporated with a KUN replicon described under Re-
ults. Cells for IF were grown on coverslips, and for
adiolabeling the cells were grown in 60-mm plastic petri
ishes.
ncorporation of bromo-substituted uridine in nascent
NA
Bromo-uridine (Sigma Chemical Co.) was added to
nfected cells at 24 h, as specified under Results. For
ncorporation using BrUTP (Sigma Chemical Co.), the
rocedure of Haukenes et al. (1997) was used. Briefly,
rUTP with or without BrU was incubated with an equal
olume of DOTAP Liposomal Transfection Reagent
Boehringer Mannheim) for 10 min at 20°C, and 10 ml of
he mixture was added to 300 ml MEM/ACD on coverslip
ultures for specified periods. Cmmunofluorescence and antibodies
Coverslip cultures were washed, fixed in acetone at
20°C for 30 s, and processed for IF as described
reviously (Westaway et al., 1997a,b). Rabbit anti-KUN
S3 antibodies have been described previously (West-
way et al., 1997b). Guinea pig anti-dsRNA antibodies
ere a generous gift from Dr. Jia Yee Lee (Macfarlane
urnet Centre for Medical Research, Melbourne, Austra-
ia). Mouse monoclonal IgG antibodies to BrdU, which
an react with BrdU incorporated in DNA and cross-react
ith Br-RNA (Jackson et al., 1993; Pombo et al., 1994),
ere supplied by Boehringer Mannheim and by Sigma
hemical Co. Dual-labeling experiments used FITC- and
exas red-conjugated species-specific anti-IgG (Edward
eller, Australia). All photographs were taken with ASA
00 or ASA 1600 film, the color slides were scanned on
n AGFA Arcus II Color Scanner, and images were pro-
essed for presentation using an IBM computer and
dobe and Powerpoint software. For ribonuclease diges-
ion of Br-RNA in situ cells on coverslips were pulse-
abeled with BrU and immediately permeabilized by
reatment with 0.05% Triton X-100 on ice for 4 min. Cells
ere washed briefly in cold PBS, fixed in cold acetone,
nd incubated with 50 mg/ml RNase A (Sigma Chemical
o.) for 2 h at 37°C in 0.013 SSC buffer (13 SSC is 150
M NaCl, 15 mM sodium citrate, pH 7.0) or in 23 SSC
uffer, and then processed for IF.
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